In this work, we demonstrate a new method to produce black TiO2 from pristine anatase TiO2 films. It consists on the immersion of TiO2 films in a hollow cathode H2 RF plasma for a few minutes, resulting in an efficient blackening of TiO2. In this study, the pristine anatase TiO2 films were grown by magnetron sputtering onto cover glass and c-Si substrates and then annealed at 450 °C for 2 h. Before and after the hollow cathode H2 plasma treatment, the samples were characterized by profilometry, UV-Vis spectrophotometry, X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, field emission scanning electron and atomic force microscopies, and four-point probe measurements. The results show that the obtained black TiO2 thin films have a significant light absorption on the whole solar spectrum, a very low sheet resistance, and also a relatively high surface area when compared to the pristine TiO2. All these characteristics lead to an important improvement on their photocatalytic activity, as measured by the degradation rate of methylene blue under UV irradiation.
Introduction
As a result of the non-rational use of Earth's resources over the centuries, water, energy and food are now urgent problems of humanity to be solved, a fact that has encouraged many studies aimed at the synthesis and treatment of materials suitable for applications for this purpose.
Specifically about water issue, semiconductor photocatalysis has shown great potential in sustainable technology to remove contaminants from liquids since 1972, when the photo-induced decomposition of water was discovered by Honda and Fujishima [1] . In this context, titanium dioxide (TiO2) is one of the most studied semiconductor materials for this application due to its main characteristics: abundant, non-toxic, superior chemical stability, photocorrosion resistance, versatile functional material, and commercially inexpensive [2] [3] [4] . However, this material is also characterized by a wide band gap (~3.0-3.4 eV) limiting its photocatalytic activity only to the ultraviolet (UV) region [2] , a small portion (∼5%) of the whole solar spectrum reaching the Earth's surface [5] [6] [7] [8] . Therefore, different strategies, such as the insertion of metals or non-metal dopants in TiO2-based materials, have been carried out to enhance the absorption of this material not only in the UV range but also over the visible spectrum [9, 10, [19] [20] [21] [22] [23] [11] [12] [13] [14] [15] [16] [17] [18] . However, this type of strategy is still the subject of much discussion since dopants can produce recombination centers that impair the efficiency of photoinduced processes [24] . In this scenario, Chen et al [2] synthesized black TiO2 nanoparticles in 2011 showing a large optical absorption in the UV, visible and infrared region. The synthesis of this material required extreme process conditions such as high pressure of hydrogen gas (up to 20 bar) and long annealing treatment (up to 5 days).
Since then, many studies, as heat treatment at low and high pressure using different gases [2, 4, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] 25, [43] [44] [45] [46] [47] [26] [27] [28] [29] [30] [31] [32] , high-energy particles bombardment (laser, electron) [48] [49] [50] , chemical vapor deposition, plasma treatment [51] [52] [53] [54] [55] [56] [57] [58] [59] , and others [60] have been focused to reduce the work pressure, due to the dangerous nature of H2 under high pressure, or the use of other gases combined with hydrogen, as well as the reduction of process time. In view of this, the plasma process began to be applied on the TiO2 blackening process in 2013 [52, 54, [61] [62] [63] with the propose to obtain this material with the expected characteristics in a short time by an efficient treatment [55, 56, [71] [72] [73] [74] 57, [64] [65] [66] [67] [68] [69] [70] . Besides that, when carried out in vacuum environment, there are no issue in use H2 gas, in addition to providing a process free of contamination.
The main characteristics expected after the black TiO2 synthesis are disordered surface [52, [75] [76] [77] [78] , presence of Ti 3+ and oxygen vacancies [4, 30, 33, 70, [79] [80] [81] [82] [83] , Ti-H and O-H groups, and valence band edge. Due its interesting properties, black TiO2 based materials can be applied in several areas, such as photocatalysis [31, 48, [89] [90] [91] 61, 62, 77, [84] [85] [86] [87] [88] , hydrogen generation [92] [93] [94] [95] , solar desalination [96, 97] , dye sensitized solar cells [98, 99] , supercapacitors [100] [101] [102] , batteries [45, 54, 94, 95, [103] [104] [105] [106] [107] [108] , and photothermal therapy [49, 109, 110] .
Herein, we report a new and fast method for obtaining black TiO2 based on H2 RF plasma generated in a hollow cathode geometry. Hollow cathode plasmas are known to be several times denser [111] than a common planar discharge, thus leading to a more efficient hydrogen incorporation. In this scenario, the proposed experimental setup and process were very successful for blackening TiO2 in a very short period of time. The films properties, as well as their performance as photocatalytic medium are then explored, confirming the good quality of the samples and the promising potential of the proposed technique in fabricating practical black TiO2.
Experimental Method

Pristine TiO2 thin film growth
Pure and transparent TiO2 thin films were grown by DC magnetron sputtering (MS) onto cover glass and c-Si (100) substrates. Prior to deposition, the glass substrates were cleaned by sonication for 8 min with three solvents: ethyl alcohol, acetone, and isopropyl alcohol. The c-Si substrates were cleaned by a solution of sulfuric acid with hydrogen peroxide (H2SO4/H2O2, 4:1)
for 10 min; after the c-Si were washed with deionized water and submitted to a solution of sulfuric acid with deionized water (HF/H2O, 1:10) for 1 min and then washed with deionized water.
Subsequently, the substrates were placed into the deposition chamber at a distance of 30 mm from the target.
Before each deposition, the chamber was evacuated using a diffusion + mechanical pump system that allows to reach a residual pressure of 5.0 x 10 -3 Pa. The sputtering process was performed using a 1.5-inch diameter titanium target (99.999%) in an Ar+O2 (both 99.999%)
atmosphere. The plasma was generated by a direct current (DC) power source (Advanced Energy model MDX 1K). All depositions were performed without external heating. However, at the end of the deposition, it was observed that the temperature of the substrates reached approx. 100 o C.
The main deposition parameters values are listed in Table I .
In order to assure the dominance of anatase phase, the produced films were annealed at 450
°C for 2 h in a tubular furnace at ambient pressure under room atmosphere. Here, the temperature rise was kept at 10 °C/min, while the cooling at approximately -2 °C/min.
Hollow cathode hydrogen plasma treatment
The hydrogen plasma process was performed in a capacitive plasma reactor (Fig. 1a) using a 13.56 MHz ENI model ACG-10B-01 radio frequency (RF) power source. The main improvement related to the experimental setup consists on the installation of a cylindrical hollow cathode (diameter = 30 mm, length = 120 mm), wherein the samples were placed. To avoid undesired contamination, the hollow cathode was entire built in titanium (99.99%).
The chamber was evacuated using a roots plus mechanical pump system (Edwards), reaching the residual pressure of 5.0 x 10 -2 Pa. The parameters used are summarized in Table II , and the samples were named based on the process time; e.g., "Black 15" corresponds to the sample treated with the hydrogen plasma for 15 min. The non-hydrogenated film was named as PristineTiO2. As can be seen in Table II for 240 min without the hollow cathode did not present significant alteration in the properties of the TiO2 film (Fig. 1c) . It happens because the plasma processes that occurs inside a hollow cathode are more intense [111] , increasing the efficiency in the incorporation of hydrogen in the films. In synthesis, this is a consequence of the high energy electrons oscillating motion between repelling potentials of the walls in the cathode [111, 112] and due to the secondary electrons emitted from the cathode surface wall -originated mainly from positive ions impacting the cathode surface -be accelerated by the electric field across the plasma [111] . These electrons can suffer several collisions with the gas along their paths enhancing ionization and consequently the plasma density.
Material characterization
The thickness of the films was measured by a mechanical profilometer (KLA Tencor P-7)
and by spectrophotometric ellipsometry using a HORIBA UVISEL II. The surface morphologies were analyzed by AFM (Shimadzu SPM 9500J3) and FEG-SEM (Mira 3 Tescan). The film surface area was obtained by the Data Processing Software (SPM-9500 Series, Version 2.4, Shimadzu).
Structural characterization of the films was carried out by X-ray Diffraction (XRD)
performed with a PANalytical Empyrean diffractometer using Cu K (1.5406 Å for K) as the incident radiation source. The scanning speed was 3.2 o /min in the range of 20−80°. The lattice parameters were determined by the HighScore Software [113] .
Vibrational characterization was carried out by Raman scattering (RS) measurements performed with a Horiba Evolution microspectrometer, equipped with a thermoelectrically cooled multichannel charge-coupled device detector which allows a spectral resolution better than 1 cm −1 .
The signal was collected in backscattering geometry using a 100x objective. The excitation was done by a 532 nm laser (power < 10 mW). Phonons modes were then analyzed by fitting Raman peaks with a Voigt profile fixing the Gaussian linewidth (1.6 cm -1 ) to the experimental setup
resolution.
In order to analyze the surface composition and evaluate the influence of the plasma treatment in the TiO2 thin films, X-ray photoelectron spectroscopy (XPS) measurements were performed in a Kratos Axis Ultra spectrometer using an Al Kα (hv = 1486.69 eV) excitation source operating at 120W.
The sheet resistivity of the films was characterized by four-point probe measurements performed in a JADEL test unit, model RM3000. The measurements were performed at ambient pressure using 100 µA in three different points of the sample and the mean values were considered.
Finally, the optical characterizations were performed using UV-Vis-NIR transmittance The optical absorption coefficient was calculated by the follow equation:
where is the transmittance, the reflectance and the film thickness [114] [115] [116] .
Photocatalytic activity measurement
The photocatalytic activity was evaluated by detecting the degradation rate of methylene blue (MB) using a homemade reactor with six UV lamps of 15W (HNS G13 -G15T8/OF) used as a light source with an air-cooling system. Samples grown on glass, with an effective area of 20 mm × 20 mm, were placed in 6 mL of 10 mg/L MB solution. The solution with the sample was stirred for 1 h in the dark and was cooled using a water circulating jacket maintaining the solution at room temperature. After this period, the lamps were turned on and the mixture was maintained stirred constantly under the UV light at a distance of 70 mm. The degradation of MB solution was measured by the UV−vis spectrophotometer (Thermo Scientific Evolution 220) every 10 min.
Results and discussion
As the main result, the proposed methodology showed to be an efficient route to produce black TiO2 thin films with interesting properties for a wide range of applications, including solar cell, photocatalysis and others. The films properties results are separated according to the physical and chemical characteristics evaluated. At the end, the results concerning the performance of the black TiO2 as photocatalytic medium are demonstrated and discussed.
Black TiO2 morphology
In Fig. 2 , field emission gun scanning electron microscopy (FEG-SEM) imagens are displayed. Pristine TiO2 micrograph (Fig. 2a) shows a surface formed by small round particles, homogeneously distributed over the surface. Comparing with pristine TiO2, films surface after hydrogen plasma treatment seemed not to be significantly altered, except for some slight cracks and a "kneaded" aspect, which was more intense as the time of treatment increased. AFM images (Fig. 3 ) presented good agreement with FEG-SEM observations. Pristine TiO2 surface is formed by the superposition of round particles approximately 100 nm long (Fig. 3a) . Fig. 3c, d , and e, clusters are becoming proportionally larger and particles, proportionally shrunken. Considering that the total effective surface area is a demand for catalytic processes, Table III shows the obtained values for this parameter using the AFM facility. All treated samples presented larger surface area than the untreated one, having the Black 15 sample the greater increase (~24 % of the surface area) and the other, about 10% of increase. This result can be a consequence of the etch of the small grains due the removal of the oxygen by the H+ radicals [117, 118] . In fact, profilometry measurements after the plasma treatment indicated a decrease of ~0.6 nm/min in the films thickness. Hence, it can be concluded that for treatment times greater than 15 min, the hydrogen ions have possibly created OH volatile species on the films surface, causing a surface planning.
Black TiO2 structural properties
In order to evaluate the effects of the hydrogen treatment in the crystalline structure, XRD measurements were performed in pristine and black TiO2 (Fig. 4) . Only tetragonal anatase phase related peaks [119] [120] [121] are observed for all samples. Their FWHM indicate a polycrystalline structure. The main diffraction peak, related to the (101) which probably occurs due the generation of Ti 3+ and Ti 2+ species [122, 123] , as will be discussed in more detail below.
In order to complement the structural characterization, the samples were also characterized by Raman scattering (Fig. 5) [124] [125] [126] , reinforcing the XRD results. In addition, the temperature increase produced by the plasma process was not enough to produce some rutile phase fraction. The main modifications occurred after plasma treatment were: (i) a blue-shift and (ii) a broadening of the FWHM of the most intense Eg mode (see Fig. 5b ). These phenomena were previous described and attributed to the formation of oxygen vacancies (Vo) on the TiO2 surface, indicating a decrease in the original symmetry of TiO2 after the hydrogenation process [75, 77, 127, 128] .
In order to investigate the surface chemical composition of the samples, XPS measurements were taken. Fig. 6 shows the high resolution XPS spectrum of the Ti 2p3/2 of pristine and black TiO2 samples. All the spectra were corrected for the C1s peak at 284.6 eV for determination of binding energy (BE) values of different elements. We can highlight that no metallic Ti was observed both before and after the treatment in hydrogen plasma. Is possible to observe that the Ti 2p3/2 spectrum of the pristine TiO2 films (Fig. 4a) presents only a peak at 459.69 eV which is related to Ti with oxidation state 4+ [64, 71, 94, [129] [130] [131] [132] [133] [134] . After plasma treatment, the high resolution XPS spectra show a shift of ~0.7 eV at low energies and we could also detect two new peaks (see Fig. 4b -e) that can be attributed mainly to 2p3/2 Ti 3+ and Ti 2+ species [70, 135] . As can be seen in High resolution XPS spectra of the O1s core level for pristine and black TiO2 films are presented in Fig. 7 and its BE positions are tabulated in Table V . The O1s spectrum of all samples can be deconvoluted into two peaks: the first located around 532.1 eV and the second centered around 530.8 eV. As can be seen in Table V , after the treatment in hydrogen plasma, there is a significant increase in the area of the peak centered at 532.1 eV and a decrease of the peak at 530.8
eV. The peak at 530.8 eV is mainly related to the O 2-anion in TiO2 [136] and the peak at 532.1 eV is generally associated with hydroxyl groups [37, 38] or Vo in titanium oxide (TiOx) [40] . In the case of the pure TiO2 film, both options are possible. However, since the annealing at 450 o C was performed at ambient pressure, the creation of Vo should not be high [135] . This leads us to believe that the peak at 532.1 eV in the pristine TiO2 film is related mainly to the hydroxyl groups adsorbed on the surface of the film. The increase of this peak intensity with the hydrogen plasma treatment may be related mainly to the creation of TiOx defect. As can be observed in Fig. 8a , after exposing the film to a hydrogen plasma for 15 min, the Ti-O ratio decreases ~1.5% relative to the O-H and/or TiOx species. For longer treatment times, there is no significant variation of this ratio, indicating that 15 min are enough to produce significant variations on the chemical composition of the film surface. In Fig. 8b is possible to observe that, after the hydrogen plasma treatment, the % area of the 532.1 eV peak increases ~ 20% while the concentration of Ti 2+/+3 increases ~ 25%. 
This is a strong indication that most of the reaction between H
As it was already discussed, the hollow cathode plasma treatment of TiO2 films results in a reduction of the Ti +4 . The removal of one oxygen leaves an excess of electrons that occupy energy levels close to the conduction band produced by the Vo [70] , increasing the electrical conductivity.
In fact, through sheet resistivity measurements (Table III) we observed a significant decrease in resistivity after 15 min of plasma treatment. As the treatment time increases, the sheet resistivity decreased at a rate of -21.5 Ω/□.min -1 approximately. Considering that the measuring range of the equipment is 10MΩ/□, the resistivity reduction was at least 99.8 %.
Optical and electric properties
Considering the results presented so far, it is clear that the treatment of TiO2 films in hydrogen plasma using a hollow cathode is quite efficient in the production of black TiO2. Only 15 min of this process is enough for a significant creation of Vo. The darkening of the samples is an indicative of an increase in the absorption of visible light. As photoinduced phenomena in TiO2
are not very efficient in the visible range of the electromagnetic spectra, this increase is welcome in applications such as photocatalysis and solar cells. In order to study the effects of hydrogen plasma treatment in the optical properties of TiO2 films, we performed UV-vis transmittance measurements (see Fig. 9a ). The spectra confirm that pristine TiO2 absorbs light only below 400 nm (3.1 eV), i.e., in the UV region. On the other hand, the hydrogenated films, besides the strong absorption in the UV region, also present a significant absorption, proportional to the process time, in the region of the visible and the near IR (Fig. 9a) .
Figures 9b-f show the Tauc plots for all investigated samples. It is observed that bandgap energy of all films is around 3.3 eV, indicating that the hydrogen plasma treatment produces no significant variation in the distance between the valence band (VB) and the conduction band (CB).
However, the absorption in the visible range can be attributed to the induced Ti 3+ and Ti 2+ defects [30, 33, 52, 75, 119, [137] [138] [139] [140] , which is responsible to a n-type energy level in the bandgap of black TiO2 films [75, 129] . In addition, the presence of Vo is responsible for increase the disorder of the material, which may increase the Tail States (TS) at the edges of the valence and conduction band [75] .
In order to investigate in more detail, the changes produced in VB, we performed Highresolution Ultraviolet Photoelectron Spectroscopy (UPS - Fig. 10 ) which provides a spectrum proportional to the occupied density of state (DOS) in the top of VB and was used to investigate the electronic structures of the pristine and black TiO2 films. Extrapolating to zero the linear region of the lower energy side at the top of the VB (Fig. 10) we obtain a binding energy of ~3.38 eV to the pure TiO2 and ~3.25 eV to all black TiO2, which made the values of intrinsic band-gap of each sample only have slightly decrease with the hydrogen plasma treatment. These results are in good agreement with the values of bandgap obtained by the Tauc's model (Fig. 9) . In addition, UPS measurements allow the estimation of TS size related to the disorder produced by Vo [91] . Despite not having undergone the treatment in hydrogen plasma, pristine TiO2 have a TS of 0.29 eV (assigned as  in Fig. 10 ). The intrinsic defects of films grown by sputtering, like lattice defects, residual stress and grain contour, can be responsible for the presence of TS in the pristine film [141, 142] . As the time of treatment in hydrogen plasma increases, the size of the tail states () also tends to increase in a rate of 6.8×10 -3 eV.min -1 . The increase of TS can be directly related to the formation of Ti 3+/2+ discussed earlier.
As it can also be observed in Fig. 10 , the top of VB of all films was fitted using five energy states. The level that we call , at 10.3 eV (in pristine TiO2), present an additional contribution of 0.11 %.min -1 of the plasma treatment. This peak can be associated to OH impurities adsorbed in the surface of the films [135, 143, 144] . Another possibility is a residual Si impurity that segregate from the substrate to the surface [135, 145] . However, this last possibility is unlikely, since the Si segregation was only observed in materials submitted to temperatures higher than 800
Hannula et al. reported that this peak disappears after an annealing at 400 o C in vacuum or after 1 min of a treatment at 300 o C in hydrogen atmosphere [135] . In the present case, this contribution increases with the treatment time, indicating that the energies involved in the process are not enough to eliminate OH impurities from the surface of the films. At the same time, the so called O2p nonbonding contribution, related to nonbonding O2p orbitals [135] , tends to decrease at a rate of -0.14 %.min -1 of treatment. This is in agreement with our XPS measurements that indicate a removal of O atoms from the film surface during treatment in hydrogen plasma (see previous section). These results then indicate that two phenomena are happening at the same time and practically at the same rate: i) volatization of the oxygen; and ii) incorporation of OH species in the surface of the films. The fact that the treatment is promoted by a H2 plasma generated inside a hollow cathode geometry may explain this phenomenon. When the ions H + react with O of the film surface, it volatizes as H2O. However, as it is relatively confined inside the cathode, the water molecule can re-ionize, forming HO -species that are incorporate on the film surface.
The peak at 7.7 eV and 5.7 eV (in pristine TiO2) are the -and -type molecular orbitals of TiO2, respectively [135] . The -type is mainly related to the O2pz and the -type to the O2px and O2pz [146, 147] . As can be observed in Fig. 10 , the concentration of -type orbitals in the pristine TiO2 is majoritarian in the top of the VB, a common behavior in pristine TiO2 [135] .
However, as the time of the treatment in hydrogen plasma increases, the contribution of the -type orbitals increases while the -type decreases at the same rate (0.67%/min). In addition, it is possible to observe that the TS are mainly caused by the increase of the states of the p-type bonds.
The occupied band centered at 0.8 eV, just below the Fermi level, is commonly attributed to mid-gap states produced by dopants, Ti 2+/3+ interstitial, or Vo [135] . In the pristine TiO2 sample, the presence of these states contributes only with 0.6% of the states present at the top of the VB.
The presence of this peak in pristine TiO2 film agrees with the O1s states discussed in Fig. 7a and (Fig. 9) .
Photocatalytic activity
The photocatalytic activity of the pristine and black TiO2 thin films was studied by monitoring the changes in the optical absorption of MB under UV irradiation. Before turning on the UV light, the film was held in the solution for 2h to achieve the adsorption/desorption equilibrium. After this time, the first absorbance measurement was made, which we called C0.
Then, the UV light was switched on and a measurement was performed every 10 min. In Fig 11 it is possible to observe a linear behavior for all the samples, which allows use the following equation:
where 0 is the initial MB concentration, is the concentration after a determined period of UV light irradiation, represents the irradiation time, and apparent rate constant (min -1 ) (Fig. 11b ) [123, 149] . The constant is known to be independent of the dye concentration or temperature, considering that the photodegradation is a function that depends only of the irradiation flux and light source spectrum [149, 150] .
Analyzing Fig. 11 , it is important to highlight that the pure solution did not exhibit any considerable photocatalytic activity under UV exposure. We also can observe that all the black TiO2 films present improved photocatalytic activity in comparison with pristine TiO2 film. This result may be a direct consequence of the changes caused by the presence of Ti 2+/3+ , Vo and the increase of hydroxyl radicals (OH) on the film surface, as evidenced by the XPS and UPS results.
The OH groups is the mainly oxidative species in photocatalysis reactions, once these groups have a great performance on the decomposition of organic molecules [19, 119, 123, [151] [152] [153] [154] . Another factor that contributes to the increase of the photocatalytic activity after plasma treatment can be attributed to the increase of the surface area of the black films in relation to the pristine ones, as shown in the SEM and AFM results. It has been reported that the surface area is a determining factor in increasing dye degradation [19] . Besides, the 15 min and 30 min black TiO2 films presented the best performance on the MB rate degradation compared with 45 min and 60 min black TiO2 samples. According to Table V , considering the OH, we can observe that there is no significant difference between the films treated with hydrogen plasma, independent of the treatment time. Therefore, the hydroxyl groups concentration is not the main factor responsible for the best performance of the 15 min sample compared to the other films. However, as discussed above, surface area is a determinant parameter on the photocatalytic activity performance, and was evidenced in SEM and AFM results that the highest surface area value was obtained for the film treated during only 15 min. Therefore, because this highest value of surface area that the 15 min sample performed the highest MB photodegradation rate. Finally, the increase of the number of oxygen vacancies and Ti 2+/3+ species on the black TiO2 films also contributed to the photodegradation, and this are responsible to the optical and electronic properties enhanced [4, 30, 33, 70, [79] [80] [81] [82] [83] . In view of this, it is expected a best photocatalytic activity when these black TiO2 films will be applied on visible light photocatalysis.
Conclusion
A promising method based on hollow cathode H2 plasma was proposed and proven to be a fast and efficient way for blackening TiO2 films. The hydrogen plasma treatment leads to a significant change in the microstructural, optical, morphological, and electronic properties. These properties modifications are mainly related to the increase of oxygen vacancies, Ti 3+ species, Ti-H, and OH-species on the black TiO2 film lattice. The creation of mid gap states between the valance and conduction bands besides the creation of tail states on the valance band were responsible for the important sub-gap absorption extended from UV to NIR over all the visible range. In addition to the optic-electronic modifications, an important increase on the specific surface area was also obtained as a direct result from the hollow cathode plasma treatment. All these improvements reflected positivity when the black TiO2 films were applied on photocatalysis experiments under UV light. In general, it was possible to conclude that the shortest treatment time (15 min) was enough to enhance the microstructural properties. This confirms the hollow electrode H2 plasma with an efficient and rapid method to blackening TiO2 thin films. Moreover, when the treatment time was superior to 15 min, the black TiO2 films presented a specific surface area decrease, which was averse to its photodegradation performance. Finally, it is expected, based on the properties acquired, a best photocatalytic activity when these black TiO2 thin films will be applied on visible light photocatalysis. 
